Multivariate analysis of variance was used first to identify the hydrochemical and isotopic characteristics (tracers) of the water samples that depend primarily on the water source. Then several analyses, including hierarchical cluster analysis and mixing diagrams, were performed using these source-dependent tracers, enabling a qualitative description of the key hydrological mechanisms that characterize the study watersheds. Finally, we applied a multicomponent spatial mixing model, the Hydrochemical Basin Characterization Method (HBCM), to quantify the contributions of different water sources to the outflow from the four watersheds. The HBCM results show that groundwater is a major component of the discharge during the dry season and that the groundwater contribution to outflow is greater than 24% in all of the valleys. The results are used to develop a conceptual proglacial hydrological model of the Cordillera Blanca valleys. Talus and avalanche cones are identified as key components of the hydrology of the valleys. The talus deposits collect precipitation and runoff from higher elevations (approximately 400 m above the valley floor) and have a residence time that is long enough to actively release substantial volumes of water throughout the dry season.
1-Introduction
The world's tropical glaciers have retreated over the last century (Rabatel et al., 2013) , which has altered the seasonality of the proglacial hydrology and raised concerns about downstream water supplies (Mark and Seltzer, 2003) . The Santa River (Rio Santa), which drains the western side of the Cordillera Blanca in Peru, has exhibited a decline in dry season discharge that is related to glacial retreat (Baraer et al., 2012) . Such hydrological changes have significantly altered the seasonal availability of water in the region and pose critical risks to the local population, who are highly dependent on these resources for their livelihoods . In the context of the general decrease in regional water resources, households have also been notably impacted by the disappearance of many of the perennial and intermittent springs that provide potable water .
During the tropical Andean dry season, when rainfall is low or absent, natural hydrologic storage systems release water that accumulated during the rainy seasons. Glaciers are the most extensively studied water storage system within these proglacial valleys (Mark and Seltzer, 2003; Chevalier et al., 2004; Coudrain et al., 2005; Pouyaud et al., 2005; Bradley et al., 2006; Juen et al., 2007) , whereas groundwater systems, despite their importance, are poorly understood (Mark and McKenzie, 2007) . Using a hydrochemical mixing model, Baraer et al. (2009) found that at the scale of a single glacierized watershed (with 7% of the watershed covered by glaciers) in the Cordillera Blanca, groundwater was the largest contributor to the catchment outflow for most of the studied dry seasons and that the flux of groundwater was temporally variable. Despite these findings, many aspects of the groundwater system of the Cordillera Blanca, such as its spatial variability and the processes that control groundwater flow, remain poorly characterized in the largely ungauged glacier valleys.
In the present study, we further investigate the hydrogeological system of alpine glacierized catchments using hydrochemical and stable isotopic parameters. Numerous studies have demonstrated the utility of using hydrochemistry and stable isotopes of water to characterize hydrologic dynamics in glacierized catchments (Clow et al., 2003; Strauch et al., 2006; Ryu et al., 2007; Crossman et al., 2011; Yang et al., 2011; La Frenierre and Mark, 2014) . These methods are powerful research tools in areas where conventional in situ hydrological and hydrogeological methods are difficult to deploy given a lack of instrumentation (Mark et al., 2005) .
The hydrochemical composition of natural water is strongly influenced by the porous substrate through which it flows (Sidle, 1998) . Weathering processes that generate hydrochemical signatures can be physical, biological or chemical and are characterized by a reaction type (e.g., dissolution) and a reaction time. Rock/soil contact time is usually positively correlated with the total solute concentration in the water. Chemical weathering rates usually increase if the rate of physical or mechanical weathering increases (Langmuir, 1997) . Cation exchange processes and dissolution processes also play important roles in controlling the chemical composition of water (Yamanaka et al., 2005) . These temperaturedependent mechanisms cause the geomorphic parameters of the watershed (e.g., rock/soil characteristics or relief), climate, vegetation and residence time to be important environmental factors that influence the chemistry of the meteoric water that flows through a watershed (Drever, 2005) .
Unlike hydrochemical characteristics, the isotopic composition of shallow groundwater is effectively unaltered by interactions with the porous media during its passage through an aquifer at low temperatures (below 60°C) (Gat, 2010) . In the absence of phase changes or fractionation along the flow path, which are not normally observed in shallow aquifers, the stable isotope values of oxygen and hydrogen remain constant (Clark and Fritz, 1997; Kortelainen, 2011) .
In the tropical Andes, the seasonal pattern of the isotopic values of precipitation is in phase with the volume of precipitation; this is the so-called -amount effect‖ (Vuille et al., 2003; Vimeux et al., 2005; Risi et al., 2008) . Rainy months therefore largely control the yearly mean δ 18 O and δ 2 H values of precipitation (Gonfiantini et al., 2001) , which causes the spatial distribution of δ 18 O and δ 2 H in the Andean region to be dominated by the altitude effect (Rozanski and Araguas, 1995) . These characteristics have led groundwater isotopic signaturebased methods to become well established for identifying the origins and pathways of groundwater recharge (McKenzie et al., 2001; Barbieri et al., 2005; Blasch and Bryson, 2007; Kohfahl et al., 2008; Jeelani et al., 2010; Parisi et al., 2011; Wassenaar et al., 2011; Windhorst et al., 2013) .
The objectives of this paper are to develop a further understanding of the contribution of groundwater to valley outflow and to provide a first quantitative estimate of dry season groundwater volumes in four glacierized valleys in the Cordillera Blanca, Peru, based on water samples collected in 2008 and 2009. To reach these objectives, we utilize a distributed mixing model that is tested here for the first time in a multi-site study. We organize the paper in 7 main sections as follows. After this introduction (section 1), we describe the geography and proglacial valley landscape features in the study site (section 2), followed by the presentation of the mapping and sampling methods (section 3). Next, we detail the sequential method and results of the hydrological mechanisms and flowpath analysis (section 4): selection of natural tracers that can be used to identify the sources of surface water samples; use of these tracers to identify the main sources of groundwater; and analysis of how the main sources of groundwater contribute significantly to the watersheds outflow using the isotopic signatures and hydrochemical characteristics of the samples. We then quantify the contribution of groundwater to the watershed flows using a distributed mixing model (section 5). In discussion (section 6) we identify dry season hydrogeological features common to the four valleys with a conceptual model, and compare findings to studies of similar systems in environments other than the tropical Andes. We conclude (section 7) with a synthesis of three new insights and recommended further research into hydrologic processes of Andean proglacial hydrogeology.
2-Study site

Geographic setting
This study is situated within the SW draining glacier valleys of the Cordillera Blanca, Peru (Figure 1 ). The Cordillera Blanca has the largest glaciated surface area in the tropics (Suarez et al., 2008) . The glacial coverage of the Cordillera Blanca decreased from 800-850 km 2 in 1930 to slightly less than 600 km 2 at the end of the 20 th century (Georges, 2004) .
Subsequently, glaciers have continued shrinking to reach an area of 482 km 2 in 2010 (Burns and Nolin, 2014) . The region is characterized by strong seasonal precipitation, which is typical of the outer tropics; more than 80% of the precipitation falls between October and April, and almost no precipitation falls during the austral winter months of June to August. In the upper Rio Santa watershed, glacial melt (ice and snow melt from glaciers) provides 10 to 20% of the total annual river discharge and may exceed 40% in the dry season (Mark et al., 2005) . As is typical of the tropics, the daily temperature range is much larger than the seasonal changes in the daily mean temperature. Unlike glaciers at mid-to high latitudes, the absence of thermal seasonality in the tropics permits continuous glacier ablation throughout the year (Kaser and Georges, 1999) .
Geologically, the Cordillera Blanca is approximately 10 million years old and lies on the magmatic Andean arc, which was formed by the subduction of the Nazca plate under the South America plate. The bedrock on the western side of the Cordillera Blanca was exhumed by the NW-SE-trending Cordillera Blanca Detachment Fault, and most (80 to 90%) of the bedrock is composed of batholiths with high silicate content; the remainder of the bedrock is composed of isolated bodies of tonalite and diorite (McNulty et al., 1998) . The Jurassic Chicama Formation comprising the eastern side of the Cordillera Blanca (Petford and Atherton, 1992) contains weathered shale, argillite and sandstone, and some areas of extensive iron sulfides, likely as pyrite (Fortner et al., 2011) . The geology near the southwest headwaters of the Rio Santa basin is dominated by volcanic ignimbrite of the Calipuy Formation, which is composed of sequences of terrestrial andesite, dacite and rhyolite (Myers, 1975) .
Proglacial valley landscape features
Sequences of glacial advance and retreat, together with episodes of paraglacial sidewall mass wasting, have produced valley depositional systems (Goldthwait and Matsch, 1989; Ballantyne, 2002) that are composed of differentiated layers of landslide deposits and glacial, glaciolacustrine, glaciofluvial, eolian and/or alluvial sediments. The Andes have experienced several glacial cycles over the past two million years (Menzies, 2002) , and the last local glacial maximum is estimated to have occurred between 14,000 and 38,000 years ago (Rodbell, 1993; Smith et al., 2005) . The Cordillera Blanca glacier valleys studied here have geomorphic evidence of at least four moraine stabilizations during the last glacial stage, and have thus likely been filling with sedimentary processes dating from ~12,000 years before present (i.e. Smith and Rodbell, 2010) .
Hydrogeologically, these systems can be considered a network of areas with distinct hydraulic conductivities and storage capacities (Van de Griend et al., 1986) . For example, the glaciolacustrine deposits often behave as aquitards or aquicludes (Parriaux and Nicoud, 1993) , whereas the coarse-grained proglacial deposits often have high porosity and permeability (Meriano and Eyles, 2003; Knutsson, 2008; Robinson et al., 2008) .
The glaciated valleys of the Cordillera Blanca are characterized by -pampas,‖ landforms defined here as high altitude, low-gradient valley-bottom areas that likely formed by the paludification of moraine-dammed lakes. Pampas are characterized by organic-rich unconsolidated material that overlies glacial deposits (Mark and McKenzie, 2007) and have similar attributes to paramos, the natural grasslands of the northern Andes that are critically important for regional water resources (Girard, 2005; Buytaert et al., 2006) . Like paramos, pampas are located at high elevations in the Andes; they are treeless and have a topsoil layer that is composed of organic matter. When locally saturated they can also contain more organic material akin to -bofedales‖ (i.e. Squeo et al., 2006) . These common characteristics indicate that pampas can potentially store groundwater for release during the dry season. Talus and avalanche cones are omnipresent features in glaciated valleys in the Cordillera Blanca. Field observations estimate the sidewall deposits are between 70 and 400 meters long. Similar sidewall deposits in different alpine environments (Benn and Evans, 1998) , including in the nearby Cordillera Real (Francou, 1989) are reported having a slope of 35%. Applied to the side deposit length estimates, this 35% slope suggests the talus and avalanche cones of the Cordillera Blanca are between 60 and 230 meters high. The slope deposits are distributed nearly continuously and surround the entire valley, which allows the flow from the rock faces to pass through the slope deposits (Caballero et al., 2002) . Springs that emanate from the valley floor at the base of sidewall deposits are common in pampas. This type of spring has been shown to play a key hydrological role in the base flows of alpine environments Langston et al., 2011; McClymont et al., 2011; Muir et al., 2011) , including the tropical valley of the Zongo glacier in Bolivia (Caballero et al., 2002) , which makes them of specific interest for the present study.
We selected the Llanganuco, Quilcayhuanca, Yanamarey and Pumapampa watersheds ( Figure 1 ) because they are representative of the numerous proglacial valleys in the Cordillera Blanca that drain into the Rio Santa. These watersheds are distributed across the latitudinal span of the mountain range and have a combined area of 250 km 2 . The selected watersheds provide a wide range of glacierized areas, geological characteristics and pampa coverage (Table 1) . For example, Llanganuco is located in the northern half of the Cordillera Blanca, where the valleys are deeply incised and the valley walls are nearly vertical. In contrast, Pumapampa is located at the southern end of the range and has gentler topography and a smaller elevation gradient between the bottom of the valley and the watershed divide.
3-Mapping and sampling methods
Characterization of the hydrogeology of the Cordillera Blanca valleys required mapping glacier coverage and geology for the selected Rio Santa tributary watersheds, then identifying, classifying and sampling surface waters and potential water sources that feed the main stream of each watershed (defined as the water body that flows from the highest identified water source to the watershed outlet).
Mapping glaciers change and geology coverage
The glacierized areas of each selected Rio Santa tributary valley were evaluated using the 2005 Global Land Ice Measurements from Space (GLIMS) database (Racoviteanu, 2005) . Based on previous works (Baraer et al., 2012) , the uncertainty in glacierized area estimation is evaluated to be below 5%. Llanganuco has the largest glacierized area (41.5 +/-2%), and Yanamarey is the least glacierized (6.3 +/-0.5%). The geological characteristics of the four watersheds were extracted from geological maps (Selveradjou et al., 2005) . Llanganuco has the largest area of plutonic formations, followed by Quilcayhuanca, Yanamarey and Pumapampa. Yanamarey and Quilcayhuanca are dominated by metasedimentary rocks, whereas Pumapampa is primarily composed of the Calipuy volcanic ignimbrites. The areas of the pampas were estimated using an Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) satellite imagery-derived Digital Elevation Model (DEM) with a cell size of 30 m. Pampa areas were defined as valley bottom regions with average slopes less than or equal to 10° and a minimum elevation greater than 3500 m above sea level. The pampa coverage for the studied watersheds ranges from 1.2% in Llanganuco to 11.6% in Pumapampa.
Categorized water sampling and chemical analyses
Samples were collected in 2008 and 2009 using a synoptic sampling approach in which water samples were taken from a wide variety of sources in a very short time period (Mark and Seltzer, 2003) . (Baraer et al., 2012) . The seasonality was confirmed by the absence of observed surface runoff events during the sampling campaigns; thus, direct runoff and soil interflow were not considered as potentially major contributors to the stream flows for this study, which focused on the dry season.
To facilitate the multi-site field activities as well as the treatment of the results, we grouped the samples into the following sample categories (types):  MIX, surface water from the main stream, assumed a mix of water sources;  MELT, melt water from glaciers;  GWP, groundwater sampled from shallow wells drilled by hand auguring in pampas;  GW, groundwater pumped from shallow wells drilled by hand auguring in the valley bottoms that are not located in pampas;  GWS, spring water or surface water from non-glacierized areas; and  VAL, surface water from the tributaries of the main stream that cannot be classified as groundwater or melt water.
MELT samples were collected from proglacial streams or lakes located downstream of the glacier tongue from drainages with glacierized areas of 50% or more. Previous studies have shown that the glacier discharge is generally greater than 10 times the groundwater discharge (Baraer et al., 2009 ). This pattern indicates that the outflow of a catchment that is more than 50% glacierized is composed of more than 90% melt water.
The auger holes in the valley floor were two to three meters deep and showed a common sequence of 15 to 20 cm of organic soils followed by 25 to 60 cm of organic-rich clay. Several layers of clay, silt, gravel and sand were located below the clay. At several sites, coarser-grained material, such as clasts and boulders, were also found at depth.
Numerous springs (GWS) were observed during the site exploration. For example, within the first five kilometers upslope from the outlet of the Quilcayhuanca watershed, 59 springs were identified on the valley floor, which indicates a density of approximately 44 springs per km 2 .
Most of these springs were located along the lateral slope deposits on the valley bottom.
Estimates made during the field survey suggest that the spring discharge ranged from less than one liter per second to 20 liters per second. GWS samples were collected at the spring mouths with the exception of Yanamarey; at Yanamarey, the GWS sample was collected at the outlet of a spring-fed non-glacierized valley located next to the studied watershed that was shown to be representative of the watershed's main source of groundwater in a previous study (Baraer et al., 2009 ).
The electrical conductivity, pH and temperature of each sample were measured in the field using a 3500i multimeter (WTW, Germany). All of the water samples collected for hydrochemical analysis were filtered and acidified onsite, kept in completely filled 30 or 60 ml HDPE bottles and stored at 4°C whenever possible. Sampling for isotopic analysis followed a similar protocol except without filtration, and acidification was performed. Due to an equipment failure in 2009, we were not able to pump water out of the ground (GW and GWP samples) in any watershed except Yanamarey.
4-Hydrological mechanisms and flowpath analysis 4.1 Hydrochemical tracers for water source differentiation
We analyzed the hydrochemical signatures of the potential water sources sampled in all of the watersheds by looking for parameters that depend significantly on the type of water source and are independent of the watershed to use as tracers. We used a multivariate analysis of variance (ANOVA) with two attributes: the water source type (source) and the watershed from which the sample was collected (site) ( Table 2 ). To minimize the influence of subsurface residence time on the potential tracers' values, the tests were performed on relative concentrations of parameters rather than absolute concentrations. A total of 13 parameters were tested as tracers: the nine individual major cation and anion concentrations divided by the sum of the cations or anions respectively; the sum of the monovalent major cations and the sum of the bivalent major cations, both relative to the sum of the cations; the sulfate concentrations divided by the sum of the monovalent major cations; and the sulfate concentrations divided by the sum of the bivalent major cations.
The multivariate ANOVA identified the factors that control the variation of a tracer from one source type to another (Table 2 ). Of the 13 tested tracers, four showed variations that were significantly (α=0.05) dependent on the source type and were used as indicators of water origin: sulfates, carbonates, iron and the sum of calcium and magnesium. Three other tracers were influenced more by the type of water source than by the sampling site, but at a lower significance (α=0.1). Only one of the tracers, fluorine divided by the sum of the anions, was significantly site dependent.
We verified the ANOVA test results by differentiating between the water sources in each watershed using the four tracers that were shown to be source-dependent with hierarchical clustering. For each watershed, clustering was performed by cross-comparing the dissimilarities (named distances) between the water source samples. Distances between samples were calculated by summing the normalized absolute differences in samples concentration for the four indicators of water origin. Starting with the two elements presenting the lowest calculated distance, samples are paired into binary clusters that are further grouped into larger clusters until a hierarchical cluster tree is obtained. The results are represented into a dendrogram ( Figure 3 ) that represents the clustering tree (horizontal axis) and the associated calculated distances (vertical axis). Samples that are connected by a low distance bar can be considered as the most -similar‖ based on the selected tracers concentrations, those presenting the highest distances can be seen as the less -similar‖ of the samples. Figure 3 shows that, with the exception of the GW samples, all of the water sources cluster successfully for each site. The differentiation between the MELT samples and the different groundwater sources is unambiguous. The GW samples cluster both with GWS (Quilcayhuanca) and with GWP (Yanamarey), which suggests that the GW source may not form a homogenous group of samples and that a more detailed analysis is needed to clarify the characteristics of these samples.
4.2-Identifying the main sources of groundwater
We used scatter plots of the four water source-dependent tracers to investigate the contribution of groundwater to each watershed outflow ( Figure 4 ). Because glaciers form the headwaters of the main streams, we expected to observe mixing points (MIX) that plot away from the melt water locations toward the main contributing groundwater (GW, GWP or GWS) and/or toward tributary plots (VAL). Where only one groundwater type contributes significantly to the watershed outflow, all of the mixing points and tributaries should plot along a mixing line that has the melt water and the contributing groundwater points as extremities.
Because source-dependent tracers were identified from the multivariate ANOVA of only the water source samples, some may not have behaved conservatively at the scale of an entire watershed. When water sources mix with stream water, they may meet hydrochemical conditions that are favorable for changes, such as precipitation, transformation into gas or exchange with other tracers. For example, iron can precipitate when the pH increases, and carbonates can transform into CO 2 when pH decreases. To avoid misinterpretations of the scatter plots because of non-conservative tracer behavior, we assessed the existence of a mixing line for each tracer in the four watersheds by systematically presenting the MIX/VAL regression line on each scatter diagram. The regression correlation coefficient (R 2 ) and the associated p-value were then used to determine whether the single mixing line condition was met. When the verification was positive (p-value<0.05), the contribution of each water source sample to the watershed outflow was determined by comparing its position on the scatter plot relative to the MIX/VAL regression line's 95% confidence intervals (Figure 4 ). Groundwater samples that were outside of the 95% confidence intervals were considered to not appreciably contribute to the main stream flows. Samples of water sources that plotted within the regression confidence interval and were located at the other extremity of the mixing line from the MELT samples were considered to be major contributors. Where non-conservative tracer behavior was observed, the confidence interval avoided considering a given important contributor as non-contributing. Repeating this analysis for different watersheds and several tracers minimized the risk of randomly misclassifying sources.
To improve the interpretation of the results, one sample (QVAL4) is not reported on the graphs. This sample has hydrochemical characteristics that are far outside the range of the other samples, possibly because of intense pyrite oxidation (Fortner et al., 2011) . The sulfate and magnesium concentrations of QVAL4 are between four and seven times those of the second most concentrated samples. Thus, this sample was excluded because it was hydrochemicaly atypical, and the tributary from which it was sampled was considered to have an insignificant discharge at the watershed scale.
The iron diagrams in Figure 4 show either no significant mixing line (Llanganuco, Yanamarey and Pumapampa) or a poor mixing line (Quilcayhuanca). This pattern is most likely due to the non-conservative behavior described above; thus, this tracer was excluded from the watershed-by-watershed mixing analysis.
At Llanganuco, all of the tracers except iron have well-defined and significant regression lines (p-value<0.05). However, whereas all of the MELT samples systematically plot within the 95% confidence interval of the mixing line, none of the GWP samples do, which suggests that the GWP type does not significantly contribute to the watershed discharge at Llanganuco.
At Quilcayhuanca, the mixing lines for all of the tracers are statistically significant (pvalue<0.05). Of the two GWP samples pumped out of the watershed, one is systematically excluded from the 95% confidence interval of the regression line and the other is at the limit of the confidence interval ( Figure 4 ). The Quilcayhuanca mixing diagrams also show that the GWS and MELT samples are within the 95% confidence interval of the mixing line and that all of the MIX and VAL samples plot between these two water sources.
Unlike Quilcayhuanca, Yanamarey has a well-defined mixing line only for the scatter plot of the sum of calcium and magnesium (Figure 4 ). The small number of mixing or tributary samples used for the regression may explain the two other weak correlations; iron was excluded from this interpretation. The calcium and magnesium diagram shows a nearly perfect alignment of the GWS, MIX and MELT samples, whereas GW and GWP plot away from the 95% confidence interval. The diagrams of sulfates and bicarbonates show an alignment of the MELT, GWS and MIX samples (red line in Figure 4 , Yanamarey sulfate graph). If the regression parameters are calculated using these categories instead of only the MIX samples, the R 2 is 0.91, with a p-value of 0.001. This finding confirms the strong influence of the MELT and GWS water sources on stream water composition for Yanamarey. The GWP and GW samples plot far from this line, which suggests that these sources did not contribute significantly to the stream water.
The Pumapampa mixing diagrams indicate a more complex situation than in the other watersheds. The MELT sample plots outside the 95% confidence interval of the calcium plus magnesium mixing line, which suggests that the binary mixing model does not apply to this watershed. Instead, the scatter plots suggest the presence of ternary mixing. The sulfate and bicarbonate diagrams indicate three possible water sources-one MELT and the two GWS samples-which form a triangle (in red on the Pumapampa sulfates graph; Figure 4 ) within which all of the mixing points plot. Such ternary mixing can be considered as two successive binary mixings. First, the melt water would mix with a PGWS2-like groundwater, and then the stream water would mix with PGWS1-like groundwater. This hypothesis is supported by the fact that the two points that plot between PMELT1 and PGWS2, which are the two most upstream MIX points of the watershed, and that the two that plot between the first mixing line and PGWS1 are the two most downstream MIX points. This hypothesis can explain why the MELT sample and one GWS sample plot outside the 95% confidence interval of the calcium plus magnesium mixing line.
Overall, when the line is well-defined (p-value<0.05), the MELT samples form one end of the mixing line; thus, the scatter plots consistently represent what is observed at the headwaters of the watersheds (Figure 4 ). The GWS samples usually plot at the other extremity of the mixing line and likely represent the major groundwater contributor to the watershed discharge during the dry season. Except for one occasion, wherever the mixing line is well defined (p-value<0.05), the GWP samples systematically plot outside the 95% confidence intervals of the mixing regression. This pattern suggests that the GWP samples have a very limited influence on the stream water concentrations of the studied tracers and indicates that shallow pampa aquifers are likely not major contributors to the stream discharge at the watershed scale. The GW samples are more ambiguous; at Yanamarey, the GW samples do not appear to be a major influence on the stream water chemistry and at Quilcayhuanca their effect is inconclusive. These findings further suggest that the GW samples may not form a unique cluster and that a more in-depth analysis is required to better categorize them.
4.3
Investigating the contribution of springs to the watershed outflow 4.3.a Springs average recharge elevation In order to better identify the mechanisms that make springs major watershed outflow contributors, we first used stable isotope values of the springs to estimate recharge area elevations based on empirical altitude/isotopic relationships for the region. This approach assumes an absence of major phase changes or fractionation along the groundwater flowpath (Clark and Fritz, 1997; Blasch and Bryson, 2007) Figure 5 ). This covariation between the two parameters is confirmed by a coefficient of determination R 2 of 0.72 and an associated p-value of 0.0007 and corroborate the presence of an amount effect (Vuille et al., 2003; Vimeux et al., 2005; Risi et al., 2008) .
The LMWL (Figure 6) (Stichler et al., 2001; Wassenaar et al., 2011) and groundwater (Longinelli et al., 2008; Parisi et al., 2011) .
We then used the relationship between altitude and isotopic value to estimate the elevation of the spring recharge area by comparing the position of the spring water isotope value to the line of the aquifer's minimum average recharge elevation for the samples collected in 2008 (Figure 7 ). This line is determined using the pampa shallow aquifer samples (GWP) as reference points and published δ 18 O and δ 2 H lapse rates measured in the tropical Andes.
Because the GWP recharge area cannot be located at a lower elevation than the sampling point, and because shallow groundwater often mimics the altitude effect , the average GWP (average GWP isotope value plotted against the mean GWP sampling elevation) forms one point on the line of minimum mean recharge elevation. In order to prevent over estimations of the spring recharge elevation, we applied the lowest of published values for the slope of the lines ( 
where z represents the mean recharge elevation. For each isotope, we compared the resulting line with the GWP-MELT regression lines to validate that the method would not lead to over estimation of the spring recharge elevation. For the regression lines, we used the terminus elevation plus one quarter of the glaciers elevation range to calculate the MELT samples reference elevation. This definition is preferred to the average elevation (Ofterdinger et al., 2004) because tropical glaciers are characterized by greater accumulation area ratios than are typical of temperate glaciers (Kaser and Ostmaston, 2002) . Figure 7 shows that the lines of minimum mean recharge elevation have a more pronounced slope than the GWP-MELT regression lines. This indicates a tendency for underestimation of the samples representative elevation, validating that the risk of overestimating the aquifer average elevation is low.
The relative recharge elevation of the GWS aquifer is estimated using the sampled isotopic values ( et al., 2001) , deviations from this assumption would lead to higher isotopic values in the spring water than the yearly average. This conjecture suggests that using the isotopic values of the spring water likely provides a conservative estimate of the recharge elevation rather than overestimating it. Figure 7 shows that the GWS samples all plot beneath the line of minimum average aquifer recharge elevation for both δ 18 O and δ 2 H. Despite the limited number of samples, the use of a conservative reference line indicates that the recharge area of the springs is located at elevations higher than the sampling points. The vertical distances between the springs and their average recharge elevations are estimated using Equations (1) and (2). The results (Table 4) show relatively high consistency between the δ 18 O-based estimates and the δ 2 Hbased estimates. The method indicates that the minimum mean elevation of the recharge areas is located approximately 200 m to 600 m above the sampling points.
4.3.b Flowpath and water origin
Investigating for flowpath and water origins for springs was realized by comparing the hydrochemical and isotopic characteristics of the springs to melt water and stream water for samples and observations collected in 2009. The hydrochemical signatures of the samples were examined using a hierarchical clustering analysis, whereas their isotopic characteristics were used to assess the relative elevations of the recharge areas.
Of the 11 springs sampled in 2009 (Fig. 2 ), nine were located at the base of lateral talus slopes. The two other springs, QGWS7 and QGWS4, were located approximately halfway between the valley wall and the river bed. . The QGWS7 was artesian; water rose up to the pampa surface from a vertical hole that was estimated to be more than 1.5 meters deep. Spring QGWS4 was located at the bottom of a deposit that extends across the valley floor and is likely to be at the base of the remains of an end moraine or an old avalanche cone.
We performed a hierarchical clustering (see method description at point 4.1) using the same tracers as in the 2008 samples (Figure 8 ). In addition to the MELT and GWS samples, we included five other samples of known origin in the analysis to evaluate the method's performance. Two samples, QVAL3 and QVAL7, were streams that originated from nonglacierized sub-watersheds, and three others (QVAL 1, QVAL5 and QMIX3) were streams at least partly composed of melt water.
The results show that these five test samples cluster well with the other samples of similar origin. QVAL3 and QVAL7 plot within a group composed of most of the sampled springs, and the three samples that are at least partly composed of melt water plot next to the MELT samples on the dendrogram. This test allows the first group of springs to be defined as the precipitation water cluster (blue lines in Figure 8 ) and the samples located next to the MELT samples to be defined as the melt water group (red lines).
The dendrogram (Figure 8 ) also shows the influence of geospatial proximity on clustering. For example, QGWS11 and QGWS10, which form the cluster of lowest calculated distance, are also the spatially closest springs that were sampled. A similar situation occurs with QGWS8 and QGWS9 which have the second lowest distance. Such similarities in hydrochemical characteristics are possibly due to springs that serve as different outlets of the same aquifer. The physical proximity is not the only factor that affects the hydrochemical proprieties of the springs. Clusters formed by springs that are located far from each other, such as QGWS3 and QGWS6, show that most of the springs in the valley share several hydrochemical characteristics that make them distinct from the melt water samples. These differences confirm the observations of the 2008 samples. Samples QGWS7 and QGWS4, which were collected from springs that are not located in the lateral deposits at the bottom of the valley, do not form a specific cluster but rather are grouped with the other precipitationfed springs. Sample QGWS7 is the only artesian-like spring that was observed during the 2009 dry season sampling campaign. This spring clusters with two nearby springs (GWS8 and GWS9). Thus, sample QGWS7 is part of a GWS group that was clearly hydrologically separate from the water pumped from pampa shallow aquifers (GWP) in the 2008 samples. The QGWS7 water therefore did not originate from the shallow pampa aquifer but rather from the lateral deposits. The relative location of the springs in the valley (Figure 2 ) supports the assumption that water flows beneath the valley floor from the side of the valley to the middle of the pampa and is confined by the low permeability glaciolacustrine pampa sediments. QGWS4 was not sampled from a lateral deposit but instead flowed from frontal deposits. The presence of QGWS4 within the precipitation cluster does not make it distinct from the springs that flow from lateral deposits. With the exception of the QGWS2 sample, all of the GWS samples plot within the precipitation cluster. The QGWS2 and QVAL1 samples plot within the melt water group and form the cluster of lowest calculated distance within the melt water cluster. This strong relationship suggests that QGWS2 is at least partially fed by melt water. (Figure 7 ) suggests that QGWS2 is fed by water that originates from the highest part of the surrounding peaks. Field observations revealed the presence of small glacial remains or dead ice (less than 100 meters long) on the summits above the spring. The hydrochemical and isotopic characteristics of QGWS2 are best explained by melt water from this ice at least partially feeding this spring. Figure 9 also shows that the samples and the LMWL exhibit similar trends. The spring samples plot slightly underneath the LMWL, which may indicate an inter-annual modification of the isotopic signal in the precipitation (Gonfiantini et al., 2001 grouped in the cluster analysis. This difference could be explained by the average elevation of the recharge area of the artesian spring being slightly higher than that of springs QGWS8 and QGWS9.
5-Quantifying the contribution of groundwater to dry season watershed outflow
The contribution of groundwater to stream flow during the dry season is quantified using the hydrochemical basin characterization method (HBCM), which is a multi-component distributed hydrochemical mixing model. This method was chosen for its ability to produce reliable results in ungauged, difficult to access environments (Baraer et al., 2009) This process is performed by considering nonglacierized catchments to be completely fed by groundwater, an assumption supported by the near absence of precipitation during the dry season (Baraer et al., 2012) . MELT samples are defined as being completely fed by melt water. Water that originates in other catchments is considered to be unclassified. The contributions of unclassified catchments are not accounted for in the total water budget of the watershed. As a result, the calculated contributions of groundwater and melt water apply to the entire study watershed area minus the areas that are covered by the unclassified catchments. These calculated sub-areas to which groundwater and melt water contributions apply are called the -study areas‖ in the rest of the document, and they are identified by the study watershed name appended with an ‗*'; their characteristics are presented in Table 5 . The Yanamarey* area is the same as the true Yanamarey area, and the Llanganuco* area is only 5% smaller than the actual Llanganuco area. Pumapampa* shows the greatest reduction in area. Its study area represents 33% of the watershed area. The Quilcayhuanca* study area represents 82% of the actual watershed area.
Each HBCM cell gathers surface water sampled within its spatial limits plus a groundwater component that is selected from the sampled sources. The cell areas and glacier coverage are calculated using ARC HYDRO (Maidment, 2002) with 1:100,000 digitized contour lines. The relative contribution of each identified component to the cell outflow is estimated using an over-parameterized set of mass balance equations. Assuming a well-mixed system, m mass balance equations are defined for each cell using the following format: and n is the total number of possible components of cell outflow considered in the studied cell. Over-parameterization of the set of mass balance equations requires that m greater than n. Q tot and Q i correspond to the total discharge at the cell outlet and the contribution of the component i, respectively, and ε j , which ideally is close to zero, corresponds to the accumulation of inaccuracies, uncertainties, errors and approximations that can occur during the sampling, handling and analysis of tracer j.
The tracers used in the mass balance equations are selected from all of the measured parameters (see Section 3 for a description of the measurements). Compliance with the three following requirements is checked for each cell and each tracer:
1. a tracer measured in a cell outflow cannot have a value outside the range defined by the possible contributors; 2. the tracer value at the cell outflow and at least one contributor must be greater than the detection limit of the analytical methods; and 3. it should be a minimum 5% difference between the extreme contributor tracer values.
A noncompliance with any of these requirements leads to the rejection of the tracer for the studied cell.
For each cell, all possible combinations of m tracers are tested through different HBCM runs. An HBCM run solves for the components of unknown relative discharge, for a combination of m selected tracers, by minimizing a cost function that is defined as the cumulative residual error (the sum of ε j ). HBCM uses the quasi-Monte Carlo approach (James, 1980) to calculate the cost function for random points sampled over the feasible region. The feasible region is determined using a water balance constraint that requires that the sum of the relative components of discharge be equal to one plus or minus half a percent. For each run, more than 100,000 constrained relative discharge combinations are applied to localize the cost function's global minimum. To minimize the risk of picking a local minimum, the 20 lowest cumulative residuals are considered to estimate the best fitting relative contribution of the components to the cell outflow. In the case of non-convergent results, attractive regions are resampled to separate local minima from the global minimum (Arora et al., 1995) . For each run, the HBCM output is therefore given in the form of an array of the best fitting relative discharges that form the 20 best converging optimization results. The HBCM results with a range of less than 1% are considered unique values. HBCM results for a given cell are selected among the different runs that were conducted. The combination of tracers that provide the overall lowest cumulative residue is considered to be the optimal solution. The range of watershed-wide groundwater contributions was compiled from the results of the individual cells by using the lowest bound of each cell to obtain the lowest watershed-wide estimate and the highest bound of each cell to obtain the highest watershed-wide estimate.
The relative discharges were converted to absolute discharges using stream discharge measurements made at the lowest section of each study watershed using the cross-sectional averaging technique (Mark and Seltzer, 2003) . The stream water velocity was measured simultaneously with the sampling with a mechanical flow meter (Model FP101, Global Waters Inc.). This method is well suited to the logistical constraints that characterize the high valleys of the tropical Andes but has an associated error of +/-20% and a tendency to overestimate the values (Shrestha and Simonovic, 2010) . At Quilcayhuanca, seven additional stream flow measurements were made across the valley using the same technique to evaluate the performance of HBCM in estimating ungauged stream discharge.
The HBCM results for individual cells are shown in Figure 11 . HBCM was able to provide estimates of the contribution of groundwater within a 5% window for all of the cells except one in Pumapampa. The estimation range was notably higher in Llanganuco and Pumapampa than in Yanamarey and Quilcayhuanca, which indicates differences in the adequacy of the sampling plans and/or a smaller difference in the hydrochemical signatures of the different sources. This lack of a difference in the hydrochemical signature between samples was observed several times in Llanganuco and is responsible for the unsuccessful HBCM characterization of the most downstream cell of that watershed. Figure 12 presents a comparison of the HBCM discharge estimation to field measurements. The discharges are associated with error bars of +/-20%, which represents the uncertainty in the stream gauging method (Shrestha and Simonovic, 2010) , and horizontal error bars that represent the HBCM estimation range. The plot shows a very high correlation (R 2 =0.99) between the measured and the HBCM-estimated discharges with a very high statistical significance (p-value<10 -6 ). The equation of the regression line expresses a tendency for a systematic overestimation of the measured discharge, which is consistent with the conclusions of Shrestha (Shrestha and Simonovic) . Figure 12 shows that the method is applicable for this study and that its degree of uncertainly is compatible with the objective of evaluating the extent to which groundwater contributes to the dry season discharge in glacierized valleys of the Cordillera Blanca.
At Yanamarey* and Pumapampa*, the contributions of groundwater to the outflow are greater than those of melt water (Table 5 ). The opposite pattern was observed at Llanganuco*, and an overlap in the prediction ranges made such a comparison inconclusive for Quilcayhuanca*. The average specific groundwater discharge for the study areas varied from 0.36 mm.d -1 at Quilcayhuanca* to 0.74 mm.d -1 at Llanganuco*. The estimate from Pumapampa* exhibited the highest uncertainty (+/-0.11 mm.d -1 ). We note that none of the valleys had a groundwater-specific discharge of less than 0.35 mm.d -1 .
To evaluate the variability of the groundwater contribution at the scale of the Cordillera Blanca, the relative groundwater contribution of each study area was plotted against its percentage of glacierized area ( Figure 13) . The relationship between these two parameters was assessed through a nonlinear regression performed with the following two-component mixing model (Baraer et al., 2009) :
where GW represents the percentage of groundwater contribution, A gl represents the percentage of glacierized area and a is a dimensionless constant. The regression uses the four study area points and the two boundary limits, which are 0% and 100% glacierized areas ( Figure 13) . The results show a good fit between the estimated relative contributions of groundwater and the mixing model outputs (R 2 = 0.98, p-value = 0.0007).
Despite the limited number of points used for the regression, the prediction intervals are narrow enough to confirm that a nonlinear relationship bounds the relative contribution of groundwater to the watershed outflow and the percentage of glacierized area across the Cordillera Blanca. The shape of the regression line clearly illustrates the difference in specific discharge between glacierized and non-glacierized areas. On average, a glacierized area contributes more to stream outflows than a non-glacierized area of similar size. The lowest 95% confidence interval line indicates that during the dry season of 2008 in the Cordillera Blanca, watersheds with less than 45% glacierized area likely contained substantial amounts of groundwater in their outflows and that those with less than 8% glacierized area had more groundwater than melt water in their outflows.
6-Discussion
The different facets of this study provide results describing the hydrology of glacierized valleys in the Cordillera Blanca that both confirm and complement each other.
Field campaigns and sampling activities allowed the identification of three potential types of groundwater: spring water, water from the pampa shallow aquifer and water from non-pampa shallow aquifers. The shallow aquifers contained a similar sequence of soil layers that includes low permeability clay and silt layers.
The results from the use of tracers that were shown to be water source dependent and independent of the study site in a qualitative analysis of samples collected in 2008 provide key indications of the hydrology of the studied valleys:
 Samples collected from springs and pumped from shallow pampa aquifers have distinct hydrochemical characteristics, which confirm that these two water types are different.  The shallow pampa groundwater appears to have very little influence on the hydrochemical characteristics of the stream water, which indicates that these shallow glaciolacustrine systems are likely a minor component of the net flux of water to the main valley streams.  Aquifers that feed the springs contribute significantly to the overall basin discharge.
This hydrochemistry-based result is consistent with field observations that report a high density of springs in the Quilcayhuanca Valley (44 springs/km 2 ).
 Most of the springs were sampled at the bottom of talus deposits.
The analysis of the stable isotope signatures of the 2008 water samples suggests that the springs sampled at the bottom of a talus slope are fed by precipitation that flows down from elevations above the springs and even higher than the top portion of the deposit from which they originate.
The quantitative evaluation of the contribution of groundwater to the hydrologic systems performed on the 2008 samples using HBCM suggests that significant groundwater volumes are present in the four studied watersheds. Despite the differences in their attributes (e.g., location, geology, glacial cover), all of the valleys capture precipitation during the wet season and store it in a hydrogeological system that releases it year-round. Important differences exist in the relative contributions of groundwater among the watersheds, but these differences are at least partly explained by the differences in the glacierized areas. This aspect of the study confirms that groundwater, which was already proven to be a key component in alpine catchments (Rademacher et al., 2001; Clow et al., 2003; Hood et al., 2006; Williams et al., 2006; Langston et al., 2011) , plays a key role in the dry season hydrology in the glacierized valleys of the Cordillera Blanca.
The 2009 sampling focused on the springs because they were shown to play a key role in the contribution of groundwater to the watershed outflows in the 2008 dry season. A field survey showed that springs that flow out of the lateral deposits are the most common, but a few exceptions were found. One artesian spring (QGWS7) was found a few tens of meters from the lateral deposits in the pampa, and one spring (QGWS4) was discovered at the bottom of a frontal deposit that may be a frontal moraine or a massive landslide that crossed the entire valley.
The hydrochemical analysis of the samples collected in 2009 revealed the following:  Water from the artesian spring (QGWS7) likely has a similar source as the water sampled at nearby lateral springs, which suggests a common source of geologic strata.  The results were less conclusive for the spring flowing from a frontal deposit (QGWS4) but indicate that the water that flows from it has a similar hydrochemical signature to those flowing from the lateral springs. However, there is no clear link to any of these springs in particular.  At least one of the lateral springs (QGWS2) had a melt water-like signature, which indicates a partial or complete connection with melting ice.
Finally, the isotopic signatures of the spring samples mainly confirm that QGWS2 is fed by water originating from high elevations, such as ice melt water.
These results can be synthesized to depict the dry season hydrological processes using a conceptual model for the Cordillera Blanca proglacial valley (Figure 14) . The model presents the valley side deposits/talus as key hydrogeological features for groundwater recharge. The recharge of these lateral deposits can have three sources: direct precipitation falling on the surface of the deposit, recent precipitation that flows from areas of higher elevation and melt water from glaciers or dead ice. The top layer of the pampas is considered to be an area with a small contribution to the surface water at the watershed scale. Water flows out of the lateral deposits through springs that are located at the interface between the lateral or frontal deposits and the surface of the pampas or from artesian springs that flow through the pampa surface. The latter mechanism implies the transfer of water between the lateral deposits and the ground deposits. Water that flows through the ground deposits beneath the pampa floor is confined by the pampa's surface layer. Because it is over-pressurized, this water escapes through preferential pathways in the pampa's surface layer. This sequence allows the eventual transfer of water from the ground deposits into the river bed. Even if this type of transfer occurs, it would not have been detected using the investigation method used in this study and is not described in Figure 14 .
The model requires that water that transits through the lateral deposits has a retention time that is long enough to maintain lateral springs throughout the dry season. Because a long retention time is unlikely to occur in the coarse deposits of the talus surfaces, other mechanisms must be operating. Among the numerous possibilities, we cite three realistic hypotheses that, alone or associated with other phenomena, may explain the long retention time:
 The presence of different types of deposits, such as the remains of lateral moraines, that buffer some of the water collected at the talus surface (e.g. Clow et al. (2003) ; (Sass et al., 2006) ).  The existence of flow through fractured bedrock beneath the lateral deposits (e.g., Langston et al. (2011) ) that can be enhanced by bedrock depressions and lateral flow along the interface between the deposits and the bedrock .  Re-sedimentation of the talus slope, which causes fine particles to be flushed from the top to the bottom of the talus and makes the talus highly permeable at the top and poorly permeable at the bottom (e.g., Ballantyne (2002) ).
However, further studies are needed to verify these hypotheses in the context of the tropical Andes.
Presenting the valley side deposits as key hydrogeological features at the scale of mountainous catchments is not new. Several studies conducted in other alpine environments Langston et al., 2011; Muir et al., 2011) have demonstrated the key hydrological role played by lateral deposits and talus. For instance, McClymont et al. (2011) provided evidence of the role of the talus/meadow interface in the proglacial hydrology of the Rocky Mountains of Canada, and Clow et al. (2003) demonstrated that talus slopes are the primary groundwater reservoir in an Alpine catchment in the Rocky Mountains of Colorado.
However, the present model confirms that these geological features are also a key element in the context of the tropical Andean hydrology. The model describes the recharge and discharge pathways of these aquifers based on hydrochemical evidence and field observations. Finally, the model proposes the first comprehensive description of the dry season hydrology of glacierized watersheds in the Cordillera Blanca.
7-Conclusions
The hydrochemical and isotopic signatures of several water source types were used to study the hydrogeological characteristics of four glaciated valleys in the Cordillera Blanca, Peru. The methods we tested were shown to be specifically adapted for proglacial systems. However, assuming that the necessary tracer characteristics exist, they are potentially transferable to other watersheds. Despite the uncertainty in the results, the methods are particularly useful in remote ungauged regions where intensive and expensive physical hydrologic methods are not practical.
Our results provide new perspectives on the regional proglacial hydrology. Three findings are of particular interest for both general alpine hydrology and for Andean water resources:
• Groundwater is a major hydrologic contributor during the dry season in the glacierized watersheds of the Cordillera Blanca. Our estimates of the contribution of groundwater in four watersheds of the Cordillera Blanca range between 0.36 and 0.74 mm.d -1
for the dry season of 2008 representing between 24% and 80% of the study areas outflow.
•
In the proglacial valleys of the Cordillera Blanca, talus deposits are a key component of the hydrological system. These deposits both collect water that flows from higher elevations along the side walls of the valleys and release it at lower elevations with a time lag that is long enough to sustain groundwater flow during the dry season. Talus groundwater is released from springs located at the bottom of the deposits and into unconsolidated aquifers within the valley floor. Unlike the hydrological role of the talus, shallow pampa aquifers do not appear to contribute substantially to the dry season watershed outflow.
• Many springs are recharged by precipitation, but some are also fed by melt water. These melt water fed springs are likely to be more vulnerable to climate changes as they may become ephemeral when the ice supply disappears.
Using our hydrochemical analysis as a guide, we proposed a conceptual hydrologic model for the dry season hydrology of the glacierized watersheds in the Cordillera Blanca. We consider this model to be a preliminary schematic description of the dry season hydrology of the glacierized watersheds of the Cordillera Blanca that will be updated by future research. This preliminary model leaves several hydrological phenomena unexplained in the context of the tropical Andes, such as the capacity of the talus to retain captured water long enough to produce perennial springs. The talus surface, which is composed primarily of porous paraglacial deposits, should theoretically release the captured water rapidly unless fracture flow, layers of other deposits or re-sedimentation of the deposits is involved. A more systematic quantification of the melt groundwater sources, which is not provided by this study, would be an important step forward in assessing the impact of glacial retreat on local water resources. Table 1 . Geospatial characteristics of the watersheds in this study. The glacierized areas and the median elevations were calculated using the 2005 GLIMS database (Racoviteanu, 2005) . The pampa area was determined using an ASTER-derived DEM with a cell size of 30 m. The bedrock type was estimated from geological maps (Selveradjou et al., 2005 (Table 5 ) and a glacierized area uncertainty of 5% (Baraer et al., 2012) . The best fit for the dilution model (equation inset on graph) is represented by the solid black line. The dashed lines delimit the regression's 95% confidence interval. Figure 14 . Conceptual model of the dry season hydrology and spring systems of the glacierized watersheds in the Cordillera Blanca. Recharge and pathway numbers are as follows: (1) direct recharge from precipitation, (2) surface runoff from overlying surfaces, (3) recharge from melt water, (4) flow through the talus slopes, (5) flow through the talus and interconnected glacial deposits and (6) possible fracture flow through bedrock.
